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Abstract Campi Flegrei is one of the most hazardous volcanic areas in the world because of its close
proximity to the city of Naples. Here we apply the multidimensional small baseline subset (MSBAS) differential
interferometric synthetic aperture radar (DInSAR) technique to obtain vertical and horizontal components of
ground deformation for Campi Flegrei at high spatial and temporal resolutions that span, for the ﬁrst time,
20 years. The area underwent continuous subsidence from 1993 through 1999. Moderate uplift began in 2010
and substantially increased through 2012, reaching approximately 13 cm by 2013. We model the observed
deformation to determine source parameters for subsidence and uplift epochs. Both the inﬂation and deﬂation
mechanisms involve large, extended sources in a layered hydrothermal system whose location is controlled
by the caldera structure and stratigraphy. The temporal resolution of MSBAS approaches that of GPS daily time
series, with superior precision and spatial resolution, making it an excellent alternative for volcano monitoring.
1. Introduction
A signiﬁcant portion of the city of Naples lies within the Campi Flegrei caldera, along with the town of
Pozzuoli and a number of densely inhabited villages, making it one of the most dangerous volcanic areas on
Earth (Figure 1) [Orsi et al., 2004; De Natale et al., 2006; Isaia et al., 2009]. The last major eruption occurred at
Monte Nuovo in 1538, following a period of ground uplift which interrupted a period of secular subsidence
that continued after the eruption. Since that time, Campi Flegrei has undergone frequent episodes of ground
subsidence and uplift accompanied by seismic activity [Troise et al., 2007].
The previous uplift episodes begin in 1968 and included two major periods of seismic unrest in 1969–1972
and 1982–1984, before reaching a maximum value of about 3.5m in 1985 [Gottsmann et al., 2006; D’Auria
et al., 2011]. Since 1988, secular subsidence has continued at approximately 1.5 cm/yr. Surveys revealed
signiﬁcant gravity changes between 1981 and 2001 and joint interpretation with elevation data suggests that
they result from dynamic changes in the subsurface magmatic reservoir [Dvorak and Berrino, 1991; Fernández
et al., 2001], changes within the subsurface hydrothermal systems [Bonafede and Mazzanti, 1998], or some
combination of both [Gottsmann et al., 2005, 2006]. Recent results from a variety of geochemical and
petrological analyses suggest that there are two magmatic sources, differing in size, depth, and composition,
and that the episodes of unrest are related to the periodic injection of CO2-rich ﬂuids andmagma [Caliro et al.,
2007; Arienzo et al., 2010; D’Auria et al., 2011; Mormone et al., 2011; Moretti et al., 2013]. Amoruso et al. [2014]
showed that deformation measured with the standard differential interferometric synthetic aperture radar
(DInSAR) data (1995–2000) could be modeled as a combination of one deeper source at approximately
3600m in depth and a shallower source (approximately 1900m) near the Solfatara fumarolic ﬁeld (Figure 1).
However, they did not capture the inﬂation after 2005.
DInSAR is used extensively today for mapping ground deformation with high spatial resolution and
subcentimeter precision over large areas and is a suitable tool for ground deformation monitoring of active
volcanic areas [Massonnet and Feigl, 1998; Wadge, 2003; Fernández et al., 2009]. Spatial resolution of modern
synthetic aperture radar (SAR) sensors ranges from 1 to 20m over areas from 10 × 10 km2 to 250 × 250 km2.
For modern satellite constellations the repeat cycle ranges from 1 day to a few weeks, but the typical
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repeat cycle for a single satellite mission ranges from 12 to 41days. Repeatedly acquired SAR data from a single
sensor are used to obtain line-of-sight (LOS) time series of ground deformation by applying small baseline
subset (SBAS) [Berardino et al., 2002; Usai, 2003; Samsonov et al., 2011], persistent scatterer [Ferretti et al., 2001]
methods, or a combination [Hooper, 2008]. The results of these techniques, however, are limited to the
time period of the particular data set and do not distinguish horizontal and vertical motion.
The multidimensional SBAS (MSBAS) technique [Samsonov and d’Oreye, 2012] combines multiple DInSAR data
sets into a single solution with improved characteristics: lower noise, denser temporal resolution than earlier
DInSAR time series, and continuous temporal coverage. The MSBAS methodology is a natural extension of
the original SBAS method that addresses the data redundancy and multidimensionality of the problem by
decomposing LOS DInSAR measurements into vertical and horizontal (mainly east-west) time series of surface
Figure 1. (a) Map of the Naples region, Italy, showing Campi Flegrei caldera and Mount Vesuvius. (b) Frames for each of
the ERS-Envisat (T129 and T036) and RADARSAT-2 (S3, both ascending and descending, and F6N) radar images outlined
in black over the larger region. (c) Simpliﬁed geologic cross section of the caldera structure [after Vassalli, 2008].
Table 1. Seven DInSAR Data Sets Used in This Study With Continuous Coverage From 1993 Until 2013a
DInSAR Data Set Orbit Coverage Periodb θ φ N M
ERS, track 129 asc 10/1/1993–17/9/2008 344.1 23.2 90 215
ERS, track 036 dsc 8/6/1992–25/12/2008 194.1 23.2 84 164
Envisat, track 129 asc 13/11/2002–16/12/2009 344.0 22.8 46 120
Envisat, track 036 dsc 5/6/2003–21/10/2010 195.9 22.8 60 158
R2, S3 asc 19/1/2009–2/8/2013 348.7 35.1 42 166
R2, S3 dsc 27/12/2008–3/8/2013 190.4 35.1 53 290
R2, F6 asc 29/12/2008–5/8/2013 351.0 48.3 50 158
aIncidence angle φ (degrees), azimuth angle θ (degrees), the number of available single-look complex SAR images in
each set, N, and the number of computed highly coherent interferograms, M, are provided. Combined coverage: 10
January 1993 to 3 August 2013. Total number of unique time steps (measured daily) = 385 (48 repeated by different
sensors). Total M=1271. Ascending (asc) and descending (dsc).
bDates are formatted as day/month/year.
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deformation using ascending and descending
DInSAR data. MSBAS has been applied to the
mapping of anthropogenic [Samsonov et al.,
2013, 2014] and natural [Samsonov and d’Oreye,
2012] ground deformation, successfully
producing 2-D time series with dense temporal
resolution and high precision.
In this study we apply the MSBAS DInSAR
processing technique to 20 years of ERS-1/2,
Envisat, and RADARSAT-2 data from Campi
Flegrei. The resulting spatiotemporal signals are
determined with a duration and resolution that
have not been achieved before in this or any
other volcanic region. Using this new data set,
we determine the potential sources below the
caldera using an innovative method for the
nonlinear inversion of surface deformation due
to bodies with a free geometry [Camacho
et al., 2011].
2. MSBAS Analysis
The theoretical derivation of the MSBAS
technique is described in detail in Samsonov
and d’Oreye [2012] and Samsonov et al. [2014].
The technique is derived from the original SBAS
method of Berardino et al. [2002] and Usai
[2003] but incorporates images from different
satellites, look angles, and coverage to produce
2-D time series of ground deformation. At
least two sets of DInSAR data are needed, one
from ascending and another from descending
orbits. The technique efﬁciently handles a
large number of DInSAR sets to produce
multidimensional results with improved
temporal resolution and precision. Basic
DInSAR processing is performed outside of the
MSBAS software: differential interferograms are
calculated, ﬁltered, unwrapped, geocoded,
and resampled to a common grid for all sets.
The topographic correction is resolved via a
joint inversion that solves for the residual
topographic signal and 2-D deformation rates
[Samsonov et al., 2011]. The resulting
deformation maps presented here were calculated from two decades of SAR measurements from three
different sensors (ERS-1/2, Envisat, and RADARSAT-2).
We collected and processed seven independent SAR data sets described in Table 1 with continuous coverage
from 1993 through 2013. We applied 4 × 20 multilooking to ERS-1/2 and Envisat beams, 2 × 10 multilooking
to standard RADARSAT-2 beams, and 3 × 4 multilooking to one ﬁne RADARSAT-2 beam and processed
each set independently with GAMMA software [Wegmuller and Werner, 1997]. Multilook here refers to the
process of averaging over range and/or azimuth resolution cells in order to improve the radiometric resolution.
All possible interferometric pairs with perpendicular baselines shorter than 400m were computed. The
topographic component was removed using a 30m resolution Advanced Spaceborne Thermal Emission and
a
b
c
Figure 2. MSBAS results, 1993–2013, for the images detailed in
Table 1 and Figure 1. (a) Vertical cumulative component of
deformation in centimeters, 1993–2013; (b) east-west cumulative
component of deformation in centimeters, 1993–2013; (c) time
series of vertical and east-west components shown in Figures 2a
and 2b at location of maximum subsidence, identiﬁed with the
green dot. The reference location for MSBAS processing is located
at 4532380.5, 4335351.2 (14.232°N, 40.94°E).
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Reﬂection Radiometer digital elevation model (http://gdex.cr.usgs.gov/gdex/). Orbital reﬁnement was
performed to remove residual orbital ramps, and minor interpolation was applied to ﬁll gaps in moderately
coherent regions. The ﬁnal ﬁltered and unwrapped interferograms were geocoded onto a 40 × 40 m2 grid. For
the time series analysis we limited data to the Naples Bay area and resampled all interferograms to a common
grid with Generic Mapping Tools (GMT) scripts [Wessel and Smith, 1998]. Our ﬁnal map had dimensions of 1451 ×
701 pixels with resolution of approximately 40 × 40 m2. We calculated the average interferometric coherence
for each interferogram and selected only those with the average coherence greater than 0.5 for further
processing. MSBAS processing starts after both ascending and descending images are acquired, so the time
series begin on the ﬁrst date of the ascending ERS data (10 January 1993). The resulting 1271 highly coherent
interferograms were used in the MSBAS processing, producing vertical and east-west time series spanning
20 years (1993–2013) and 385 time steps. We estimated the errors for the time series by calculating the
deviation from the local mean at each time step. For each pixel we ﬁtted a smoothed average over 10 time
steps and calculated the root-mean-squared error between that average and the actual time series. The average
error in the east-west time series is approximately 0.07 cm, while the error in the vertical time series is
approximately 0.09 cm, although this varies spatially and can be as much as twice that in regions of maximum
deformation (supporting information). In regions such as Campi Flegrei, where there is a signiﬁcant trend,
this estimate provides the worst case scenario, and the actual error is likely smaller.
Figure 2 presents the results of the MSBAS processing. Figure 2a shows the vertical change in surface height
between the initial and ﬁnal time steps. The associated deformation time series is shown in Figure 2c for one
location and presents a more complicated picture than the net subsidence of Figure 2a (deformation time
series for selected locations are presented in the supporting information). The precise deformation time
series captures more than 3 cm/yr of maximum subsidence (green dot) between 1993 and 2000, centered on
the caldera. Subsidence continued at a slower rate, interspersed with short periods of uplift, until 2005.
Almost continuous uplift began in 2005 and accelerated to a rate of approximately 2.5 cm/yr between 2008
and 2013. Deformation is ongoing at a rate of 5 cm/yr (2011–2013). The large number of time steps and
precise measurements are evident in both the vertical and east-west time series (Figure 2c). The pattern of
deformation in Figure 2 is consistent with a source of contraction and expansion located at depth below
the caldera.
3. Inversion Methodology
In order to invert the MSBAS measurements, we employed the nonlinear inversion method of Camacho et al.
[2011] for modeling pressure sources with a free geometry, not a proscribed shape such as a sphere or ellipse.
Assuming simple homogenous elastic conditions, the method models the size and location of pressure
sources in a general model, ﬁtting the entire geodetic data set within some regularity conditions. The
approach works as a growth process that constructs a very general geometrical conﬁguration.
A general framework for the geometry of anomalous bodies is achieved by partitioning the subsurface
volume into a dense 3-D grid of point sources. The geometrical description of the extended sources is
developed by aggregation of 1000 point sources in a 3-D context, allowing for a very general description of
the free geometry for the source bodies. For simplicity, we assume that anomalous pressure changes are
Table 2. Six Time Periods Used for Modeling Expansion/Contraction Sources Below Campi Flegrei Caldera and Associated Location, Pressure, Volume, and Depth to
the Center of Massa
Time Period (years) X location UTM (m) Y location UTM (m) Depth (m Below Sea Level) Pressure (MPa× 109/yr) Volume (km3/yr)
(±50) (±50) (±60) (±0.05) (±0.7)
1993–1999 426573 4519313 1372 0.37 6.2
1999–2000 426419 4519781 1434 +0.51 8.5
2000–2005 426469 4519501 1874 0.13 2.2
2005–2007 427388 4519326 2126 +0.69 11.4
2007–2007 426184 4519238 1683 0.47 7.9
2007–2013 426669 4519315 1819 +0.49 8.2
aUTM=Universal Transverse Mercator.
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nearly homogeneous within the sources. The inversion process ﬁlls cells with the prescribed pressure value,
giving rise to the aggregation structure. We also assume homogeneous elastic conditions within a
homogeneous elastic half-space characterized by a shear modulus μ and Poisson’s ratio of ν= 0.25.
The inversion employs a mixed minimization equation vTQ1D vþ λ mTQ1M m ¼ min; where ν is the vector of
residuals for the data, QD is a covariance matrix corresponding to the Gaussian uncertainty in those data, them
contains the pressure values for the cells of the model, QM is a covariance matrix corresponding to the physical
conﬁguration of cells and benchmarks, and λ is a factor that balances solution ﬁtness and model smoothness.
This regularization constraint controls the inversion ambiguity and the effect of noise in the DInSAR data.
a
c
b
d
Figure 3. (a) Observed displacement rate in the vertical direction (left), in cm/yr, for the subsidence period of 1993 through 1999; modeled displacement rate in the
vertical direction, from inversion results (middle); and residual of observed and modeled displacements (right). (b) Observed displacement rate in the east-west
direction (left), in cm/yr, for 1993 through 1999; modeled displacement rate in the east-west direction, from inversion results (middle); and residual of observed and
modeled displacements (right). (c) Observed displacement rate in the vertical direction (left), in cm/yr, for the inﬂation period of 2007 through 2013; modeled displa-
cement rate in the vertical direction, from inversion results (middle); and residual of observed and modeled displacements (right). (d) Observed displacement rate in the
east-west direction (left), in cm/yr, for 2007 through 2013; modeled displacement rate in the east-west direction, from inversion results (middle); and residual of observed
and modeled displacements (right). Images were saturated at the corresponding scales in order to improve comparison and highlight differences among panels.
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The nonlinear search is based on an exploratory approach. However, instead of a largely tedious model
exploration, we implement step-by-step growth of the anomalous structure. At each step a new cell is
ﬁlled with the prescribed pressure and added to the previous aggregation. Each cell is selected using an
exploratory approach within the model equations and a scale factor (f ≥ 1). In the ﬁnal result, f≈ 1 and we
arrive at a 3-D model that describes the aggregation of point sources that ﬁts the observed LOS changes and
regularization condition.
Here the inversion method is applied to speciﬁc time periods related to the inﬂation and deﬂation at Campi
Flegrei observed in Figure 2c, 1993–2013. Table 2 shows those time periods and the resulting parameters
for the associated inﬂation or deﬂation.
Figure 3 shows the actual and modeled surface deformation rates (cm/yr) for both vertical and east-west
motion for two time periods: The longest subsidence period of 1993–1999 and the rapid uplift of 2007–2013
(complete results, including the associated volume change with time, are presented in the supporting
information). Also shown are the residuals between the observed and modeled displacements. The models
resolve the actual displacements quite well, with the exception of coherent residuals in the Solfatara region,
likely associated with the shallow source under the fumarole ﬁeld [Amoruso et al., 2014] and not modeled here.
Figure 4 shows the 3-D shape and location corresponding to the deﬂation and inﬂation sources from Figure 3.
Note that although the intensities for both time periods are almost identical (Table 2), as noted above, the
inﬂation source is deeper, resulting in a smaller deformation change over approximately the same amount
of time.
4. Discussion and Conclusion
In this work we applied the advanced MSBAS methodology to ERS-1/2, Envisat, and RADARSAT-2 data
with dense temporal coverage from 1993 to 2013 to map ground deformation in the Campi Flegrei caldera.
Computed deformation shows consistent caldera subsidence for the period 1993–1999. However,
deformation changed from subsidence in 2001 to primarily uplift in 2005, in conjunction with changes
in geochemistry indicators such as CO2/H2O ratios [Chiodini et al., 2012], indicating an increase in relative
enrichment of a magmatic CO2 component in sampled fumarolic gases. The rate of uplift continued to
increase through the present, reaching more than 5 cm/yr.
Comparison of the deﬂation and inﬂation sources for the various activity periods shows that they are
remarkably similar in location, shape, and volume (Figure 4). The inﬂation source tends to be deeper, nearer
the bottom of the marine precaldera and postcaldera deposits and limited in depth by the transition to
the gas-bearing deposits layer (Figure 1c). The deﬂation source is generally shallower, near the top of the
marine precaldera and postcaldera deposits. This behavior suggests that inﬂation-deﬂation cycles are
generated by sources fed from below and deeper than the 3 km detected here. Migration of ﬂuids seems to
be focused at the top of the gas-bearing formation, overcoming lithostatic pressures and effectively
transferring stress to the surrounding rock during inﬂation periods. This is followed by gradual relaxation of
the overpressure (e.g., pore ﬂuid pressure diffusion) at shallower depths [Camacho et al., 2011]. While others
ba
Figure 4. (a) Three-dimensional location and shape of deﬂation source model for the period 1993–1999 (modeled
displacement rates shown in Figures 3a and 3b, middle); (b) three-dimensional location and shape of inﬂation source
model for the period 2007–2013 (modeled displacement rates shown in Figures 3c and 3d, middle).
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have modeled deformation at Campi Flegrei with two simple sources at 1700m and 3600m in depth
[Amoruso et al., 2014], here the bottom of the inﬂation source extends below 3000m. In this case, one
extended source model with unconstrained geometry explains the deformation (Figures 3 and 4). Here we
have shown that the deformation driving mechanism is strongly controlled by the caldera structure and
stratigraphy and must involve large extended sources in a layered hydrothermal system. Due to the location
of Campi Flegrei and its proximity to the city of Naples, more active monitoring for signs of possible imminent
eruption is warranted.
This study demonstrates that a temporal resolution on the order of 1 or 2 weeks can be achieved for MSBAS
time series, nearing that of continuous GPS (cGPS) daily time series, by simultaneously processing DInSAR
data from different sensors. The accuracy of MSBAS vertical and east-west components is very high,
potentially higher than cGPS. At the same time, the spatial resolution of MSBAS results is superior to cGPS.
Therefore, the MSBAS approach can be used for monitoring volcanic activities in near real time, particularly in
remote areas where other observation techniques are unavailable or insufﬁcient.
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